Abstract-An electromagnetic band gap (EBG) waveguide using holes drilled in a dielectric substrate is investigated in this paper. A broadbanding technique is suggested and implemented through a detailed study of the modal behaviour of the guiding structure. The stop band of the EBG waveguide was adjusted by changing the width of the waveguide to increase its bandwidth. It is shown that the propagating mode is a quasi-TEM by examining the dispersion properties of the propagating mode. An EBG waveguide of 49.1 mm (equivalent to 19 EBG cells) was designed and fabricated. The simulation results show better than −10 dB return loss performance from 27 GHz to 31.5 GHz with insertion loss of better than 2.5 dB over the same bandwidth, and also high isolation in the range of −20 dB with an adjacent similar EBG waveguide. There is a good agreement between the measured data and simulation results. A microstrip line was also fabricated and used as a benchmark for comparison with the designed EBG waveguide. The group velocity of this waveguide is nearly constant across its operating frequency band which implies low frequency dispersion and is also a confirmation of the quasi-TEM nature of the EBG fundamental mode. Also, using the physical insight gained from a careful study of the EBG guide, a simple method is suggested for the calculation of the dispersion characteristic of its fundamental mode.
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INTRODUCTION
Electromagnetic band gap (EBG) structures are artificial periodic structures prohibiting the propagation of electromagnetic waves of certain polarizations at certain frequencies and directions [1] . These periodic structures are known as photonic bandgap (PBG) or photonic crystals in optical sciences and have been used for controlling light. Recently EBG structures have been used for microwave and millimeterwave applications to enhance the radiation pattern of antennas [2] , and also to realize broadband components [3] . An EBG waveguide can be created by introducing a 1-D perturbation/defect in the periodic lattice of an EBG structure. If electromagnetic waves with frequencies within the band gap are launched into the defect region, they will be well confined due to the cladding effect of EBG and guided along the defect region. EBG waveguides have been used to design different devices working in optics such as: directional couplers [4, 5] , wavelengthdivision demultiplexers [6, 7] , and wave splitters [8] . Since an EBG structure is used as a sidewall of the EBG waveguide, it could provide a high isolation between adjacent EBG waveguides, which gives an advantage to EBG waveguide when used in the design of MM wave components.
A square lattice of dielectric rods and a triangular lattice of holes have been used to design EBG waveguides, and the perturbation to realize the 1-D defect has been implemented by varying the size of one row of air holes or dielectric rods in the EBG substrate as described in [9] . An EBG waveguide with metal vias to excite TE 10 mode in microwave band was also introduced in [10] . In this paper, an EBG waveguide is designed using a square lattice of air holes sandwiched between two metal plates, and taking into consideration the special case of completely filled holes in order to create the defect region. Using holes rather than metal vias in the realization of the EBG waveguide lowers the conductor losses, especially at high frequencies, and simplifies the fabrication process. An EBG waveguide that is easy to fabricate has been designed using a triangular lattice of holes which doesn't have a complete bandgap was recently reported [11] . A square lattice of holes has been used before to design an EBG waveguide at microwave bands [12, 13] , but the measured insertion loss of these structures showed a stop band which reduced the bandwidth of the designed waveguides. Alternatively, this paper presents a physical insight into the modal characteristics of EBG guides and using this knowledge to overcome limiting factors towards its broadband operation.
The EBG substrate which has a bandgap for TM modes (magnetic field parallel to the substrate surface and perpendicular to the holes [1] ) around 30 GHz is designed in Section 2. The dispersion diagram of this EBG material is calculated for the irreducible Brillouin zone. Subsequently, in Section 3, the EBG waveguide is constructed using the designed EBG substrate by filling in the central row of the holes. The simulated transmission characteristics are obtained using CST Microwave Studio [14] . The projected band structure of the proposed EBG waveguide is calculated to study the coupling between different guided modes, and to determine the nature of the fundamental guided mode at 30 GHz. This projected band structure is used to optimize the designed structure and increase its bandwidth. A time domain solver [14] is used to calculate dispersion properties of the designed EBG waveguide. The obtained dispersion properties of the EBG waveguide indicate that the guided mode within the EBG waveguide is a quasi-TEM mode. A full wave simulation of the designed structure is done to show electric and magnetic fields of the fundamental guided mode. Two adjacent EBG waveguides are simulated to calculate the crosstalk between them. A microstrip line operating at 30 GHz is used as a benchmark to evaluate the performance of the designed EBG waveguide. The validation results show wideband operation from 27 GHz to 31.5 GHz and a high confinement of the guided electromagnetic wave within the guiding region.
DESIGN OF EBG STRUCTURE AND EBG GUIDE
The EBG structure is targeted to operate around 30 GHz, therefore, the EBG is to be synthesized to have a band gap around 30 GHz. The EBG structure is constructed using square lattice of holes within a dielectric substrate of dielectric constant ε r = 10.2 and thickness h = 0.64 mm (c.f. Figure 1 ). To achieve an electromagnetic band gap for TM modes around 30 GHz [15] which is essential for the realization of an EBG guide in the same band, the hole radius-to-unit cell size ratio (r/a) is chosen to be 0.48 to obtain a wide band gap. To ensure that this EBG material has a band gap around 30 GHz along all the directions of the square lattice, the dispersion diagram should be calculated along the three sides of the irreducible Brillouin zone triangle. A unit cell of the proposed EBG structure was used to calculate the dispersion diagram by applying a periodic boundary condition on the sides of the unit cell and PEC on the top and bottom faces. All simulations were carried out using the commercial software CST [14] . The resulting dispersion diagram is shown in Figure 3 . It is obvious that there is a band gap between first and second modes that occurs within the normalized frequencies, 0.24 < ωa/2πc < 0.32. Unit cell and irreducible Brillouin zone for the square lattice. The calculated dispersion diagram was exploited to design the EBG substrate for operation at 30 GHz. The unit cell size a can be calculated from the normalized frequency, shown in Figure 3 , to locate the centre frequency, 30 GHz, within the bandgap. Following this procedure, a unit cell size of 2.583 mm was calculated to achieve this objective and hence the hole radius r is equal to 1.24 mm. This value of the unit cell size makes the square lattice of holes to have a bandgap from 25 GHz to 35 GHz. This EBG substrate will be used to design an EBG waveguide.
EBG WAVEGUIDE DESIGN
The proposed EBG waveguide can be created by removing a central row of holes along z direction of the EBG that was studied in the previous section. The projected band structure of the EBG waveguide can be calculated to ensure that the guided mode is located within the band gap of the EBG structure. Since the propagation of the guided mode is along z-axis, the eigenmodes that could propagate through the EBG material along Γ-X direction (see Figure 2) can be determined by varying the phase difference along z direction, p z , from 0 to π for a specific value of the phase difference along y direction, p y . Varying p y from 0 to π results in the dark regions illustrated in Figure 4 . Electromagnetic modes locating within these dark regions can leak into the EBG structure. To calculate the defect mode which is the mode guided within the defect region of the EBG waveguide, EBG waveguide is modelled by including a single cell along z-axis and 21 unit cells along y-axis. The defect was placed at the center by removing one hole as shown in Figure 4 , so that the the width of the channel W g is equal to (2a − 2r = 2.69 mm). Periodic boundary conditions were applied in z direction to capture periodicity of the lattice along this direction. The guided modes within the EBG waveguide can be calculated by varying phase difference in the direction of periodicity of the waveguide and calculate the corresponding modal frequency. From superimposing the dispersion characteristics of these guided modes on the projected band structure diagram of the EBG as shown in Figure 4 one can check if the defect modes are located within the band gap of the EBG. Figure 4 shows the fundamental guided mode (FM) and the higher order mode (HOM) of the EBG waveguide. This higher order mode, which cuts the middle of the bandgap, is similar to Fabry-Perot modes due to the existence of the surrounding EBG crystal [16] . The fundamental mode covers the whole bandgap from the upper edge to the lower one. Since both of these two modes are getting closer to each other at a normalized frequency of 0.26 (intersection point) there is a contra-directional coupling between these guided modes. Two dashed lines, shown in Figure 4 , were drawn to illustrate the contra-directional coupling process. Figure 5 shows the E-field pattern of the guided mode before and after coupling, respectively. The higher order mode has a TM nature and still can be guided within the EBG waveguide as illustrated in Figure 5 (b). This contra-directional coupling can give rise to a mini-bandgap around a normalized frequency of 0.26 which corresponds to 30.5 GHz due to the flatness of the guided modes, and hence the bandwidth of the EBG waveguide is limited below this minibandgap.
(a) (b) Figure 5 . An E-field pattern of the guided wave, (a) before coupling, (b) after coupling. Figure 6 . A designed EBG waveguide by removing the central row of holes.
The structure of the EBG waveguide is shown in Figure 6 . Two metal plates were placed on the top and bottom of the EBG substrate. The length of the EBG waveguide is 19 unit cells long, which is equal to 49.1 mm. A microstrip-to-waveguide tapered transition was employed in order to excite the EBG waveguide [17] . The width of the microstrip line was set to 0.7698 mm in order to maintain 50 Ω matching. The design of this type of transition was realized by optimizing the feature sizes using CST microwave studio, transition width and transition length which were optimized to 3 mm and 2.0667 mm, respectively. The length of the feeding microstrip line is 4.5 mm.
The simulated S-parameters of the designed structure, shown in Figure 7 , indicate a stop band from 29.5 GHz to 31 GHz. The calculated projected band structure in Figure 4 illustrates that this stop band, around 30.5 GHz, is due to the coupling between the fundamental mode and a higher order mode. The mini-stop band of the designed EBG waveguide, shown in Figure 6 , limits the waveguide operation around 30 GHz as can be seen from Figure 7 . To increase the bandwidth and to get better transmission characteristics for the EBG waveguide, the width of the EBG waveguide is decreased to 2 mm. By decreasing the width of the EBG waveguide, the proportional volume of the total dielectric in the EBG guide is decreased and the modes are shifted towards the air band and away from the dielectric band, i.e., toward higher frequencies and hence the coupling between the fundamental and the higher order modes occurs around the normalized frequency of 0.28 which corresponds to 33.5 GHz as illustrated by the calculated projected band structure shown in Figure 8 . The EBG waveguide after decreasing its width was simulated. It is obvious from the simulated Figure 9 , that the mini-stop band is shifted to around 33.5 GHz which is consistent with the projected band structure. As shown in Figure 9 the guided wave is well confined within the EBG waveguide as required. A good transmission coefficient with insertion loss better than 2.5 dB was obtained for 27 GHz to 31.5 GHz band as observed in this figure. The return loss is also better than −10 dB throughout the bandwidth, which demonstrates the possibility of using this EBG waveguide across a 4.5 GHz bandwidth in the Ka-band.
S-parameters, shown in
To study the dispersion properties of the EBG waveguide, a time domain analysis was carried out using CST time domain solver [14] . The group delay was calculated and the result is shown in Figure 10 which shows a constant value across the band of the EBG waveguide. This indicates a linear group velocity and consequently low dispersion for the EBG waveguide. Figure 10 . The group delay of the EBG waveguide (the shadowed area shows the bandgap of the square lattice of holes).
The modal fields configuration were also studied carefully and the results demonstrated compatibility of the modal structure of the EBG guide with the conventional microstrip line modes. As shown in Figure 11 , the electric field is along x-axis and the magnetic field is along y-axis which proves that the fundamental mode of the EBG waveguide is a quasi-TEM mode and the EBG walls of the guiding channel can be treated as perfect magnetic conductors. Having PEC's at the top and bottom and nearly PMC's as the side walls gives rise to necessary condition for supporting quasi-TEM field as observed in Figure 11 . The resemblance of the fundamental mode of the EBG guide to the guiding mode of microstripline ensures straightforward transition techniques from conventional microwave guiding structures to the EBG guide.
The group velocity, ν g = dω/dβ, of the fundamental guided mode can be calculated from the linear part of its dispersion curve shown in Figure 8 [18] , and is equal to 8.53 × 10 7 m/s. The total length of the designed structure is known, L t = 5.942 cm, so the group delay time, t g = L t /ν g , is equal to 0.697 ns. There is a good agreement between the calculated value of the group delay time and the one calculated using CST simulation of the structure shown in Figure 10 with a value (a) (b) Figure 11 . Fields of the EBG waveguide plotted using HFSS, (a) Efield and (b) H-field.
of 0.7113 ns. Low dispersion of the EBG guide makes a viable option for communication applications for which low frequency dispersion and modal purity is essential. Because the fundamental guided mode within the EBG waveguide has a quasi-TEM mode nature, a square lattice of holes can be replaced by perfect magnetic conductor (PMC) sidewalls to simulate the designed structure. A spatial-domain approach [19] was used to calculate the dispersion diagram of the guided mode of the EBG waveguide as well as the corresponding dispersion diagram of a dielectric waveguide, with the same width of the middle defect region (2 mm) and using a substrate which has the same dielectric constant (ε r = 10.2), bounded by PMC sidewalls instead of the EBG material. Figure 12 shows the similarity between the guided modes of the dielectric waveguide and the EBG waveguide over its bandwidth, which can be used to simplify the simulation process. To quantify the effect of the K-connectors on insertion loss, EBG waveguide is simulated after adding K-connectors as shown in Figure 13 . K-connectors are simulated by solely considering the transition block; the connectors are not part of this simulation [20] . The discontinuity at the transition from a coax to a microstrip line is of interest in here. The two coaxial connectors are well matched and the input power is transferred to the microstrip line with insertion loss of less than 1 dB due to the K-connectors. Figure 13 . A simulation of EBG waveguide after adding connectors.
The designed EBG waveguide was fabricated using Rogers 6010LM dielectric material as shown in Figure 14 . A microstrip line operating at 30 GHz of the same length as the EBG waveguide was fabricated using a substrate with the same dielectric constant material and was used as a benchmark to evaluate the performance of the designed EBG waveguide. EBG waveguide. Moreover, the simulated and measured return losses of the two structures are comparable across the operating bandwidth of the EBG waveguide. The measured insertion loss of both fabricated structures, the EBG waveguide and the microstrip line, are approximately 2.0 dB below the simulated data. The 2 dB loss is deemed to be due to different factors such as conductor misalignment between K-connectors and microstrip lines, and the variations between the data sheet values and the actual values of the dielectric constant and the loss tangent. The dielectric constant of the substrate has been tabulated for 10.0 GHz in the manufacturer datasheets [21] which might be different from its value at 30 GHz as has already been noted for some other material from the same manufacturer [22] . There is a drop-off in transmission at 32 GHz due to the mini-stop band which is around 33.5 GHz as illustrated in Figure 9 . Figure 16 . Two adjacent EBG waveguides.
Two adjacent EBG waveguides which have the same length as the fabricated structure (49.1 mm), separated by 3 unit cells (7.75 mm), were used as shown in Figure 16 to study the cross-talk between the EBG waveguides. Port 3 and port 4 are the near-end and far-end, respectively, as illustrated in Figure 16 . To compare the performance of the EBG waveguide, a structure of two microstrip lines, which have the same length as the EBG waveguide, separated by the same distance, 7.75 mm, was simulated as well. As shown in Figures 17(b) and (c), S 41 and S 21 of the microstrip line seem to be constant because it has been designed using a substrate which has a high dielectric constant and a small thickness, which makes the guided wave along the microstrip line well bounded to the conductor strip especially at these operating high frequencies. The crosstalk at the near-end of the EBG waveguide is less than −25 dB from 27.5 GHz to 30 GHz which is higher than the corresponding value of the microstrip line as shown in Figure 17 (a). However the microstrip line structure has better isolation because the EBG waveguide structure has a surface wave that is excited on the interface holes due to the termination of the square lattice of holes at the near end. The crosstalk at the far-end, which represents forward coupling, is less than −20 dB through the same bandwidth which is less than the corresponding coupling in the case of microstrip line structure as shown in Figure 17(b) . The insertion loss of the EBG waveguide and microstrip line is also simulated and shown in Figure 17 (c). As shown in this figure the insertion loss of EBG waveguide is better than microstrip line and this could be due to lower far-end cross coupling between the EBG waveguides. The advantage of the EBG for this particular coupling term is the result of the absence of surface wave contribution. The high isolation of the EBG waveguide is due to the surrounded walls which minimize the possibility of generating surface waves in contrast to its microstrip counterpart. Therefore, two adjacent EBG waveguides can be used on the same substrate with minimal crosstalk problems.
CONCLUSION
An EBG waveguide was thoroughly studied for application in the millimetre wave band through design and implementation of prototypes. The EBG structure was designed to achieve a stop band around 30 GHz. The band gap of this structure was calculated. This was also done to ensure that this EBG structure has a band gap at all directions of the irreducible Brillouin zone. The EBG waveguide was fabricated using the designed EBG structure and optimized to increase its bandwidth and to enhance its transmission characteristics. There is a good agreement between the obtained band structure and the stop-band calculated from the S-parameters of the designed structure before and after optimization. The insertion loss of the designed EBG waveguide is better than 2.5 dB from 27 GHz to 31.5 GHz and its return loss better than −10 dB over the same bandwidth. The simulation of the EBG waveguide using a time domain solver has demonstrated its low dispersion and nearly linear characteristics across its operating band. Also it is shown that the guided mode within the EBG waveguide is a quasi-TEM mode and its dispersion curve is linear through its bandwidth. A full wave simulation was also done to confirm the quasi-TEM nature of the guided mode. It has also been shown that PMC walls can be used to simulate the EBG material. The simulated S-parameters of two adjacent EBG waveguides show that there is good isolation, less than −20 dB from 27 GHz to 30 GHz which suggest that this EBG waveguide may have an advantage if it is used in designing millimetre wave components. At a more global level, the objective of this paper has been to contribute to the understanding of EBG structures. Such an understanding will be indispensable in the assessment of the performance of such structures as compared to conventional structures and exploitation of their full potential in the millimetre wave band.
